Introduction
Great insights have been made in recent years in the control of sexual function. The identi®cation of the mechanisms of penile vasodilation has led to the introduction of new and effective treatments for erectile dysfunction. The greatest progress has been made in elucidating the anatomy, physiology, pharmacology and molecular biology of peripheral organs, especially in the male. The central nervous system (CNS) mechanisms and female sexual function have received lesser attention. However, results from a variety of approaches have revealed a basic framework of the central nervous system control of male and female sexual function. These ®ndings provide a foundation for future studies.
For the most part, identifying CNS structures involved in any given function requires invasive techniques. Brain lesions due to disease or accident have been used for human cerebral localization of some functions, e.g. speech. Sexual dysfunction has been identi®ed as a consequence of a variety of neurological diseases.
1 However, precise localization has not been possible in these cases. Human localization of brain function (e.g. somesthesia and motor control) has been performed by recording and stimulation studies during neurosurgical procedures, but only one set of studies has studied sexual function in this way. Newly developed imaging techniques have been extensively employed for studies of cognitive functions, but applications of these techniques to sexual function have been very limited. Thus, almost all of our present knowledge comes from animal studies, primarily rodents using a variety of experimental approaches. It is very important to exercise caution in extending these ®ndings from experimental conditions in animals to the complex situation which is sexual function in humans.
Organizational principles
Some general principles about the organization of sexual function in the nervous system can be identi®ed:
(1) Sexual functions such as female arousal, orgasm, erection and ejaculation are complex activities which require coordination of multiple efferent pathways. For example, erection requires activation of vasodilatory preganglionic neurons (primarily parasympathetic), suppression of the activity of vasoconstrictor preganglionic neurons (mainly sympathetic), and contraction of somatic motoneurons to cause contraction of the penile muscles for rigidity. These efferent outows arise from multiple segments of the spinal cord, but are nonetheless well coordinated. Ejaculation likewise involves activation of secretory pathways, contraction of smooth muscles of the seminal tract and contraction of somatic muscles. Again, this requires a coordination of sympathetic, parasympathetic and somatic spinal out¯ow. 
Sensory pathways
Sensory stimuli relevant to sexual function are conveyed by afferents in the pudendal, pelvic and hypogastric nerves. The pudendal nerve conveys most of the sensory stimuli from the external genitalia and perigenital area. The pelvic and hypogastric nerves convey information from the internal pelvic organs. The afferents terminate primarily in the medial portions of the dorsal horn and in the medial central gray matter (dorsal gray commissure) of the lumbosacral spinal cord.
2 ± 5 The pudendal afferents have an almost exclusively medial distribution. Visceral pelvic afferents, on the other hand, also terminate in the lateral edge of the gray matter in the vicinity of the intermediolateral cell column, the site of the preganglionic neurons, but probably do not make synaptic contact with them. 6 In the rat, there is a sexual dimorphism in terms of the density of pudendal and hypogastric nerve sensory terminations, but not in the pelvic nerve.
2,4,6 The overall distribution, however, is similar.
Stimulation of the pudendal nerve gives rise to spinal ®eld potentials. These were mapped in the cat. The largest ®eld potentials and greatest number of synaptically activated neurons were found in the medial portions of the lumbosacral spinal gray.
7
Anatomical and physiological investigation in the cat also identi®ed interneurons in the medial gray of the sacral spinal cord which responded to pelvic visceral and perineal stimulation. 8 Putative spinal interneurons related to pelvic function have been identi®ed using the c-fos technique. Strong activation of neurons often causes expression of the immediate early gene, c-fos and its gene product Fos.
9 Stimulation of genital afferents resulted in labeled neurons in the medial dorsal horn, the central gray commissure and the region of the intermediolateral cell column, consistent with the distribution of pelvic sensory terminals. The distribution of interneurons was similar in males and females.
± 13
Putative interneurons have also been identi®ed by injection of neurotrophic viruses into pelvic organs. The virus is picked up by nerve terminals, retrogradely transported to the neuronal cell body, replicated and picked up by nerve terminals presynaptic to the infected neurons. In this way, a chain of functionally linked neurons can be identi®ed.
14,15 Following injection into the penis, clitoris or uterus, a similar ®nding was observed.
16 ± 19 The majority of labeled neurons in the spinal cord were located in the central gray region of the spinal cord and in the vicinity of the intermediolateral cell column. The majority of neurons were located in lumbosacral segments. Thus, several independent techniques have indicated that pelvic and sexual re¯exes are dependent on spinal neurons in the central gray region of the lumbosacral segments.
re¯ex. This re¯ex is a polysynaptic response seen in males and females elicited by low threshold pudendal sensory ®bers. These activate pudendal motoneurons to contract the striated perineal muscles. 20 ± 23 This re¯ex is often used as a neurological test of the integrity of the pudendal nerve. Its sexual signi®-cance is unclear. However, tonic stimulation of the clitoris could lead to the development of the orgasmic platform, i.e. contraction of the levator ani and circumvaginal muscles, through the mechanism of the bulbocavernosus re¯ex. In the male, the bulbocavernosus re¯ex could enhance penile rigidity by causing contraction of the penile striated muscles. 24 This re¯ex would also lead to contraction of the external urethral sphincter, promoting urinary continence during sexual activity and aiding in the formation of the urethral pressure chamber prior to ejaculation in the male. In addition to the contraction of the urethral sphincter, stimulation of the penis, clitoris and vagina leads to an inhibition of bladder activity. This re¯ex is mediated by pudendal nerve afferents. It leads to inhibition of pelvic nerve activity to the bladder and an increase in hypogastric nerve activity to the bladder neck, leading to detruser inhibition and bladder neck contraction.
25,26
Stimulation of the dorsal nerve of the penis (a division of the pudendal nerve) results in long latency discharges in the cavernous nerve in males 27 and results in increases in intracavernous pressure.
28,29 The long latency response clearly indicates that this is a polysynaptic re¯ex response. The re¯ex mechanisms involved in sexual arousal (clitoral engorgement, vaginal engorgement and lubrication) have not been as extensively investigated in females. Stimulation of the cavernous nerve in female rabbits results in increased clitoral pressure, increased clitoral and vaginal blood¯ow and increased vaginal length. 30 Given that these responses are mediated by the cavernous nerve, it is likely that female re¯exes are similar to the cavernous nerve mediated erectile response in males.
Evidence indicates that sexual climax is also a spinal level re¯ex. Following spinal cord injury, a signi®cant number of women are still able to experience orgasm. 31 While ejaculatory dysfunction in spinal cord injured men is common, 32 the capacity to ejaculate appears to persist in men with complete spinal cord transections. 33 In anesthetized, acutely spinalized male and female rats, genital stimulation gives rise to a response which resembles climax in humans: rhythmic contractions of the striated perineal muscles and erection and ejaculation or vaginal and uterine contractions. 34 It also includes strong activation of the cavernous nerve, driven by both hypogastric and pelvic nerve preganglionic activity. The neurological response is extremely similar in both sexes, indicating a similar neurological organization.
Ascending sensory pathways
Sexual afferents enter the spinal cord in the sacral segments. Sensory information is relayed to supraspinal sites via the spinothalamic and spinoreticular pathways. The spinothalamic pathways primarily convey the fastest ®bers related to the encapsulated nerve endings of the phallus. They travel in the dorsal columns and consist primarily of fast myelinated ®bers. 35 These ®bers terminate in the posterolateral nucleus of the thalamus and subsequently are relayed to the medial thalamus. Spinoreticular ®bers tend to be slower than the spinothalamic ®bers. They travel in the contralateral (and to a lesser extent ipsilateral) lateral spinal columns and terminate in the brainstem reticular formation.
Studies in humans have examined cortical evoked potentials following electrical stimulation of the dorsal nerve of the penis/clitoris. Evoked potentials are recorded bilaterally from cortical areas, with the highest amplitude in the midline (C z ± C 2 ) over the sensory cortex. 36, 37 This distribution is con®rmation of the identi®cation of pudendal representation deep in the midline interhemispheric ®ssure in humans 38 and cats. 39 The amplitudes of cortical evoked responses are larger in men than in women 40 although slightly shorter in latency in women. 41 The smaller size in women may be related to fewer ®bers innervating the clitoris relative to the penis or to the greater accessibility of stimulation of the male dorsal nerve.
Studies in children (3 ± 13 years old) revealed that the cortical evoked potentials from the phallus shorten in latency with maturation and show a narrower volley. 42 These results indicate that the nerve conduction velocity of CNS perineal sensory pathways increases and shows a greater uniformity with maturation. However, these changes were gradual and did not show abrupt changes around puberty. No major differences were reported between boys and girls. 48 This is a likely candidate for mediating the high incidence of orgasmic dysfunction in both men and women seen with the use of SSRI antidepressants, which elevate brain serotonin levels. 49, 50 Neurons in the nucleus paragigantocellularis receive genital sensory information in males and females. 44, 51 . These ®ndings all point to a role for the nucleus paragigantocellularis in the control of sexual function.
Brainstem regions
Several other sites have been anatomically identi®ed for their projections to lumbosacral spinal cord, but their functional role in sexual response is unknown. The lumbosacral spinal cord receives strong projections from other serotonergic nuclei in the brainstem, the raphe nuclei pallidus, magnus and parapyramidal region.
± 55
There are also signi®cant noradrenergic projections from the A5 catecholaminergic cell group and from locus ceruleus.
56,57 These provide a dense innervation of pudendal motoneurons and other lumbosacral targets. 58 ± 60 Future research is needed to identify the functional signi®cance of these projections.
In conventional and viral tracing studies, a projection from Barrington's nucleus in the parabrachial region of the pons to lumbosacral cord has been identi®ed. 17, 19, 52 This region has long been known to play a role in micturition. 61, 62 It has also been implicated in pelvic contractions related to defecation and parturition. 63 ± 66 Its role in sexual responses has yet to be investigated.
In the midbrain, the periaqueductal gray is known to be an important relay center for sexually relevant stimuli. It has extensive connections with all of the brainstem sites just discussed and has connections with many hypothalamic sites involved in sexual function. 67, 68 Neurons in this area are labeled following viral injection into the penis, penile muscles, clitoris and uterus. 16, 17, 19, 69 The great majority of these neurons in this region are activated during copulatory behavior. 44 
Hypothalamus
The hypothalamus is an essential site for reproduction and sexual behavior, as well as for a very large number of homeostatic and motivated behaviors. 70 The large number and complexity of these activities make it dif®cult to precisely de®ne the hypothalamic role in sexual arousal and performance. The medial preoptic area has long been known to play a role in the control of male sexual behavior. Lesions of this region severely attenuate or abolish male copulatory behavior in every species tested. 71 The MPOA is extensively interconnected with widespread areas of the limbic system and brainstem. 72, 73 It contains a high density of neurons which concentrate gonadal androgens 74 and implantation of testosterone restores sexual behavior in castrated animals. 75 However, medial preoptic lesions do not abolish erections caused by sleep (Marcus Schmidt, personal communication), exposure to volatile odors from estrus females, 76 or masturbation. 77 Nor do medial preoptic lesions decrease sexual motivation. 78 The conclusion is that in the male, the medial preoptic relates to the animal's ability to recognize a sexual partner. A similar conclusion may be true in the female. Lesions of the medial preoptic region in female rats resulted in greater display of lordosis, but when given the option, females avoided male partners. 79 A tentative conclusion is that in both sexes, the medial preoptic area is not directly involved in sexual motivation or performance but with mate selection.
The ventromedial nucleus of the hypothalamus is critical for the expression of lordosis behavior. 80 Neurons in this region are labeled following virus injection into the uterus. 19 The role of the ventromedial nucleus in the control of genital responses has not yet been investigated.
The paraventricular nucleus (PVN) of the hypothalamus is a likely candidate for control of genital responses. It is known that during sexual arousal and orgasm, oxytocin from the paraventricular nucleus is secreted from the posterior pituitary into the blood stream in both sexes. 81, 82 There is a direct projection from the paraventricular nucleus to the autonomic out¯ow from multiple segments as well as direct projections to pelvic autonomic and somatic efferents. 83 ± 85 The lumbosacral projection is predominantly mediated by oxytocin neurons and the PVN oxytocin neurons project preferentially to the lumbosacral cord. 86, 87 The paraventricular nucleus is extensively connected with the medial preoptic area. 73 The paraventricular nucleus was consistently labeled after pseudorabies virus injection into the penis, penile muscles, clitoris and uterus. 16, 17, 19, 69 Neurons in the paraventricular nucleus are activated during copulation in female rats 88 and following genital stimulation in male rats. 89 Electrical stimulation of the PVN elicits penile erection. 90, 91 Oxytocin infused into the CNS activates penile erections. 92 Likewise, intrathecal administration of oxytocin also elicits penile erection. 93 Oxytocin levels are greatly increased by 
Forebrain
Forebrain regions involved in female sexual function have largely been identi®ed on the basis of Fos staining in copulatory tests and viral staining. Medial amygdala, bed nucleus of the stria terminalis and some other regions are most consistently identi®ed. 94 ± 97,69 The Fos labelling in these regions is strongly affected by vaginocervical stimulation during copulation. The medial amygdala is believed to be involved in the control of sexual motivation in the male. 98, 71 Similar conclusions in the female cannot currently be drawn. Klu Y ver and Bucy 99 reported that large temporal lobe lesions which included the amygdala induced a hypersexual behavior in male monkeys. But more discrete amygdala lesions do not induce hypersexuality, rather disruption of sexual behavior is more often noted. The hypersexuality induced by the large lesions are likely due to the removal of inhibitory control by the pyriform cortex which is destroyed in such lesions. The amygdala has extensive connections with the MPOA and other limbic structures. Its exact role in the generation of sexual responses and behavior will require further research.
Also within the forebrain, the hippocampus has been proposed as a site involved in penile erection based on electrical stimulation studies. 100, 101 But, at present no ®rm conclusions can be drawn regarding the role of the hippocampus in sexual function. A similar situation exists with respect to the cerebral cortex. Stimulation of parts of the neocortex may elicit erection. 102 However, the mechanisms and pathways of this penile activation remain obscure.
In one series of studies, intracranial stimulation of human males and females elicited subjective pleasurable response, which were described as sexual in nature. 103 An area consistently associated with this response was the septal region. Electrical stimulation or stimulation with cholinergic and adrenergic agents were effective. Stimulation was in some cases associated with reports of orgasm. However, it should be noted that the subjects of these experiments were patients with severe neurological and psychiatric conditions, so interpretation of these studies is problematic. A functional imaging study in men identi®ed cortical sites associated with visually-evoked sexual stimulation. 104 Sexual arousal was associated with an increased activity in the right insula and right inferior frontal cortex, which are two paralimbic areas relating highly processed sensory information with motivational states; and the activation of the left anteriorcingulate cortex, another paralimbic area known to control autonomic and neuroendocrine functions. No similar studies have yet been reported in women.
Conclusions
A broad framework may be proposed for the central nervous system control of sexual function. Spinal afferent, interneuron and efferent neuronal groups are capable of generating complex, coordinated sexual responses. These spinal pathways are activated by descending pathways and genital stimulation. The spinal sexual mechanisms are also under an inhibitory control by neurons in the nucleus paragigantocellularis involving the neurotransmitter serotonin. Neurons within the medial preoptic area, paraventricular nucleus of the hypothalamus and the medial amygdala interact in very complex ways to regulate sexual behavior. Control of sexual behavior by gonadal hormones is probably effected within these sites. This organization probably applies equally to both sexes. There remain several outstanding questions, the answers to which may be useful in the treatment of a variety of sexual dysfunctions. 
